Abstract. Viral and bacterial severe pneumonia are leading causes of mortality across the globe. Evodiamine (Evo), a botanical alkaloid, has anti-inflammatory and antibacterial properties. In the present study, the effect of Evo on severe pneumonia induced by methicillin-susceptible Staphylococcus aureus (MSSA) following cytomegalovirus (cMV) reactivation, and its mechanism, were evaluated. In vitro, the protein and mRNA expression levels of inflammatory cytokines were determined by enzyme-linked immunosorbent assay and reverse transcription-quantitative polymerase chain reaction analysis, respectively. The expression levels of associated proteins of the nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK) signaling pathways were measured by western blot analysis. In vivo, mortality rate, weight loss, histological changes, lung bacteria count, inflammatory cytokines, and the expression proteins of associated with the NF-κB and MAPK signaling pathways were examined. The results revealed that Evo dose-dependently reduced the protein and mRNA expression levels of tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β, and inhibited the levels of phosphorylated (p-) inhibitor of NF-κBα, p-extracellular signal-regulated kinase, p-c-Jun N-terminal kinase and p-p38, and decreased the nuclear translocation of NF-κB/p65 in BEAS-2B cells infected with MSSA. Furthermore, Evo markedly improved survival rate, decreased body weight loss and bacterial count, and attenuated lung histological alterations and the levels of inflammatory factors. In addition, the NF-κB and MAPK signaling pathways were significantly inhibited. Taken together, Evo effectively alleviated pneumonia via the NF-κB and MAPK pathways and may be a potential therapeutic agent for treating severe pneumonia.
Introduction
Pneumonia is a major global public health concern. Viral and bacterial pneumonias are major causes of mortality in children, the elderly, the immunodeficient, and those with comorbidities worldwide (1) . It is responsible for 120,000,000 episodes and a mortality rate of 1,000,000 each year in children <5 years old (2) . cytomegalovirus (cMV) is one of the most common causes of lung infection in the host lung. Studies have reported that cMV infection can cause acute respiratory distress syndrome and severe lung infection (3) . CMV is a species-specific β-herpes virus, which establishes life-long latent infections in 70-100% of the world's population and is capable of causing diseases with high morbidity and mortality rates in at-risk immunocompromised populations (4, 5) . Following primary infection, although typically asymptomatic during the latency period, cMV persists in myeloid precursor cells and becomes latent in several organs, particularly the lungs (6) . It can reactivate when there is a certain degree of immunosuppression. Once the virus is reactivated, it can modulate the immune response of the host through the accelerated expression of different genes (7) . Furthermore, under certain conditions, the virus can affect several organs and systems, including the lungs, liver, kidneys, salivary glands and mammary glands, and eventually lead to serious diseases (8) . When cMV damages an organ or system of the host, it can cause several diseases, including cMV pneumonia (9) . Although cMV pneumonia can generally be controlled by lifelong administration of antiviral drugs, including ganciclovir, these drugs require frequent dosing and can potentially cause harmful side-effects. Therefore, developing novel therapies for pneumonia is urgently required.
Evodiamine (Evo), the structure of which is shown in Fig. 1A that Evo can attenuate chronic high-glucose challenge inflammatory injury (10), protect septic mice against acute lung injury (11), restrain tumor activity in several types of human cancer (12) (13) (14) , and improve acute inflammatory cerebral ischemia (15) . However, the effect of Evo on severe pneumonia remains to be fully elucidated. Therefore, the present study aimed to evaluate the roles and underlying mechanisms of Evo on severe pneumonia induced by Methicillin-susceptible Staphylococcus aureus (MSSA) following cMV reactivation in vitro and in vivo. The procedures of animal model establishment were performed as previously described (16) . Following anesthetization, the BALB/c mice were infected by intra-peritoneal injection with 3x10 4 PFU McMV Smith strain or saline. At 4 months post-McMV primary infection, all mice underwent cecal ligation and puncture (cLP) to trigger viral reactivation in the MCMV groups. Briefly, the mice were anesthetized under sodium pentobarbital following cutaneous asepsis. A 5-mm incision in the lower-right quadrant of the abdomen was introduced, and the cecum was localized and ligatured 3 mm above its extremity using an 18G needle. The abdomen was then sutured, and cutaneous asepsis was performed with 5% alcoholic povidone. After 24 h, the animals were administered with an intraperitoneal injection of 0.01 mg/g of tramadol. At 14 days post-cLP, the surviving mice in all groups received an intranasal inoculation with 50 µL 5x10 8 cFU MSSA to induce severe pneumonia.
Materials and methods

Reagents
Experimental designs. The mice were randomly divided into five groups: Control group (saline + CLP + MSSA); model group (MCMV + CLP + MSSA); and Evo groups (MCMV + CLP + MSSA + 5, 10, or 20 mg/kg Evo). Each group was divided into two sub-groups: 5 and 15 days. Following intranasal inoculation with MSSA, the mice were intragastrically administrated with different concentrations of Evo (5, 10, and 20 mg/kg), which were selected according to the preliminary experiments, whereas mice in the control and McMV groups received an equal volume of distilled water of 0.5% Tween-80, once per day for a period of 15 days. In the 15-day cohort, the daily weight was closely monitored every 5 days and spontaneous mortality of the animals was noted during this period. On days 5 and 15, all surviving mice were sacrificed with a lethal dose of thiopental, and samples of blood and the lungs were subjected to further analysis.
Histological analysis. The animals were sacrificed at 5 and 15 days post-treatment. The lungs were removed and embedded in paraffin, cut into 3 mm sections, and stained with hematoxylin and eosin. Subsequently, pathological changes were evaluated under a light microscope.
Bacterial counts in lung tissues. The lung tissues were crushed and homogenized in 1 ml of PBS to determine the lung bacterial count. Serial 10-fold dilutions of the lung homogenates were cultured using a 5% horse blood (BioMerieux, SA., Marcy-l'Etoile, France) agar plate at 37˚C under anaerobic conditions. Following bacterial culture, identification of the colonies was performed by culture on chapman medium (Bertin Pharma (Montigny le Bretonneux, France) and confirmed using matrix-assisted laser desorption/ionisation-time-of-flight mass spectrometry.
ELISA analysis. The concentrations of cytokines in the cell culture medium and mouse serum collected by cardiac puncture at 5 and 15 days post-infection with MSSA were determined by ELISA for mouse tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, interferon (IFN)-α and IFN-γ following the manufacturer's protocol. Serum was separated by centrifugation at 400 x g for 10 min at 4˚C and stored at -80˚C. The 96-well microplates were read using an ELX800 UV universal microplate reader at 450 nm.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. Total RNA of the lung tissue was obtained using TRIzol reagent. The reverse transcription reactions for mRNA were performed using PrimeScript™ RT Master mix (Promega corporation, Madison, WI, USA). The RT-qPcR analysis was performed using Taq polymerase (Takara Biotechnology Co., Ltd., Dalian, China) consisting of a final volume of 20 µl, containing 2 µl cDNA, 10 µl SYBR-Green Mix, 4 µl primer mix and 4 µl ddH2O (Takara Biotechnology Co., Ltd.). Primers specific for the TNF-α, IL-6, IL-1β, glycoprotein-B (gB) gene and β-actin are listed in Table I . β-actin was selected as an internal control to normalize target gene expression. Thermocycling conditions were as follows: 95˚C for 5 min followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec, then a melting curve analysis from 60˚C to 95˚C every 0.2˚C for 1.5 min was obtained. The transcript amount was normalized to U6 and β-actin and quantified using the 2 -ΔΔcq method (17) .
Western blot analysis. The western blot analysis was performed as described previously (15 Statistical analysis. Statistical analysis of data was performed with GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, cA, USA) One-way analysis of variance was used for multiple group comparison; Student's t-test was performed when only two groups were compared. Results were expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Evo inhibits inflammatory cytokines in vitro.
The results of the MTT assay showed that Evo had no effect on the cell viability of BEAS-2B cells between concentrations of 0 and 60 µM (Fig. 1B) . Evo markedly decreased the protein levels of TNF-α, IL-6 and IL-1β, whereas MSSA infection increased these levels (Fig. 1c) . RT-qPcR analysis showed elevated mRNA expression levels of TNF-α, IL-1β and IL-6 following MSSA infection, whereas Evo (20 and 40 µM) dose-dependently reduced the mRNA expression levels (Fig. 1d) .
Evo inhibits NF-κB and MAPK pathways in vitro.
As shown in Fig. 2A , MSAA infection markedly induced the nuclear translocation of NF-κB/p65 and p-IκBα, whereas Evo led to marked repression of these trends in a dose-dependent manner. In addition, Evo reduced the phosphorylation of JNK, ERK and p38 MAPKs (Fig. 2B) .
Evo reduces mortality rates. As shown in Fig. 3A , the accumulative mortality rates during 15 days with Evo doses of 5, 10 and 20 mg/kg were 65, 44 and 29%, respectively, whereas the mortality rate in the McMV group was 73%. Evo (10 and 20 mg/kg) dose-dependently improved the survival rate, compared with that in the McMV groups.
Evo decreases body weight loss. compared with the control group, the McMV mice showed a trend towards increased weight loss. The weight loss in the Evo (10 and 20 mg/kg) groups were lower than that in the McMV group, whereas the weight loss in the Evo (5 mg/kg) group showed no statistical significance (Fig. 3B) . lung abscesses (Fig. 3c) . Overall, 30.5% mice had developed abscessing pneumonia in the McMV group whereas none was noted in the control group. Following the administration of Evo, with the exception of the Evo (5 mg/kg) group, the lung abscesses were largely improved.
As shown in Fig. 3d , no evident histological abnormalities were observed in the control group. By contrast, the lung tissues of the McMV group exhibited severe pathologic changes, including infiltration of inflammatory cells, alveolar wall thickening and alveolar hemorrhage. However, these histopathological changes were significantly reversed following treatment with Evo (10 and 20 mg/kg).
Evo inhibits the secretion of inflammatory cytokines. As shown in Fig. 4 , the levels of TNF-α, IL-1β and IL-6 were significantly increased in the McMV mice compared with those in the control group. By contrast, with the exception of Evo (5 mg/kg), pretreatment with Evo (10 and 20 mg/kg) efficiently reduced the production of inflammatory cytokines (Fig. 4A-c) . In addition, the levels of IFN-α and IFN-γ in the Evo (10 and 20 mg/kg)-treated mice were reduced in comparison with those in the McMV group ( Fig. 4d and E) .
Evo decreases lung bacteria count. As shown in Fig. 5 , the lung bacterial count of mice at 5 days post-MSSA pneumonia was higher in the McMV group. Treatment with Evo (10 and 20 mg/kg) facilitated bacterial clearance (Fig. 5A) . On day 15, the lung bacterial counts of the Evo groups were also significantly decreased (Fig. 5B) .
Evo inhibits the mRNA expression of gB. The mRNA levels of gB in the lung tissues were determined using RT-qPcR analysis to confirm whether Evo inhibited staphylococcal pneumonia following cMV reactivation. As shown in Fig. 6A and B, the mRNA content of the gB gene in the McMV group was significantly increased, whereas no virus was detected in the control group. By contrast, Evo (10 and 20 mg/kg) at 15 days post-infection had effectively inhibited the amplification of the gB gene.
Evo suppresses the MAPK/NF-κB pathways.
McMV stimulation induced the levels of p-IκBα in the cytoplasm and of p65 in the nucleus. By contrast, Evo (10 and 20 mg/kg) markedly inhibited the p-IκBα and the nuclear translocation of p65NF-κB (Fig. 7A) . Similarly, with the exception of the 5 mg/kg concentration of Evo, treatment with Evo (10 and 20 mg/kg) efficiently reduced the levels of p-p38, p-JNK and p-ERK in a dose-dependent manner (Fig. 7B) .
Discussion
Evo is a botanical alkaloid component extracted from the traditional Chinese medicinal herb Wu-Zhu-Yu (Evodiae fructus) and has various pharmacological properties. A patent review indicated the anticancer, antidiabetic and anti-inflammatory properties of Evo and also showed that relevant clinical studies of Evo possess important market potential for the development of based therapeutics (18) . Evo also effectively suppresses inflammation by repressing inflammatory cytokine expression and ameliorating the abnormal state in the lung by inactivating NF-κB and p-IκBα (19) . IL-1β often acts synergistically with TNF-α and IL-6, producing a variety of chemotactic cytokines which are involved in the inflammatory cytokine cascade (20) . The increased levels of IL-1β, IL-6 and TNF-α can facilitate immunosuppression, which will promote secondary bacterial infection (21) . In addition, IFN-α and IFN-γ have also been characterized in the immune response in post-viral immunosuppression and susceptibility to bacteria (22) . In the present study, Evo dose-dependently reduced the protein and mRNA expression levels of TNF-α, IL-6 IL-1β, IFN-α and IFN-γ in vitro and in vivo. Lung bacterial count was higher in McMV mice exposed to S. aureus inhalation, which suggested an impairment of lung bacterial clearance following reactivation of cMV, whereas Evo reversed this effect. Therefore the preventive effect of Evo on tissue destruction in the host may minimize disturbance of the host defense system. cMV gB encodes the viral envelope glycoprotein, which is closely associated with virus adsorption and fusion during the viral proliferation cycle. When the gB gene transcript disappears in the host body, McMV can no longer proliferate (23) . The RT-qPcR analysis showed that Evo alleviated staphylococcal pneumonia by suppressing amplification of the gB gene. These findings suggested that the protective effects of Evo on staphylococcal pneumonia were partly attributed to the suppressed modification of the host's immunity following McMV reactivation.
The NF-κB and MAPK pathways have fundamental roles in controlling the induction and regulation of inflammatory and immune responses. The activation of NF-κB can regulate the expression of the specific target gene of pro-inflammatory cytokines, and are also present in several diseases, including asthma, septic shock and lung fibrosis (24, 25) . MAPKs are closely associated with the expression of inflammatory cytokines and chemokines upon pathogen challenge. The phosphorylation of ERK, JNK and p38 MAPKs can also activate NF-Κb (26) . Previous studies have suggested that Evo inhibits the migration and invasiveness of NPc cells accounting for the inactivation of NF-κB and MAPKs (27) . In the present study, Evo inhibited p-IκBα, and the nuclear translocation of NF-κB p65, p-p38, p-JNK and p-ERK MAPKs, which suggested that the inhibitory effect of Evo on staphylococcal pneumonia may be associated with inactivation of the NF-κB and MAPK signaling pathways.
In conclusion, the present study demonstrated that Evo alleviated severe pneumonia inoculated with S. aureus following cMV reactivation by inactivating the NF-κB and MAPK pathways, and these results may facilitate further investigation of its potential clinical applications for pneumonia.
